Three dimensional wave propagation in poroelastic plate immersed in an inviscid elastic fluid is studied employing Biot's theory. Frequency equations are derived for pervious and impervious surfaces. Frequency equation each for a pervious and impervious surface is obtained for poroelastic plate in contact with an inviscid elastic fluid and poroelastic plate in vacuum as a particular case and also when the wavenumbers vanish. Phase velocity as a function of propagation constant is computed for pervious and impervious surfaces in each case, i.e., poroelastic plate immersed in an acoustic medium, poroelastic plate in contact with an inviscid elastic fluid and poroelastic plate in vacuum in absence of dissipation. It is observed that the phase velocity of pervious and impervious surfaces is same for water saturated sandstone while it is not for kerosene saturated sandstone in each of these three cases. Results of previous investigations are obtained as a particular case of the present study.
Introduction
Stress free waves in elastic bars of rectangular cross section are studied by Mindlin and Fox (1960) . Walter and Anderson (1970) studied wave propagation in an infinite elastic plate in contact with an inviscid liquid layer. Account on loose bonding of elastic half-spaces was given by Banghar et al. (1976) along with different limiting cases. Gazis (1959) discussed the propagation of free harmonic waves along a hollow elastic circular cylinder of infinite extent and presented numerical results. Mindlin (1986) studied flexural vibrations of rectangular plates with free edges. Flexural vibrations of rectangular thin plates with free boundary conditions are studied by Shuyu (2001) . Employing Biot's (1956) theory, Tajuddin and Ahmed (1991) studied the dynamic interaction of a poroelastic layer and half-space. Malla Reddy and Tajuddin (2003) solved the problem of edge waves in poroelastic plate under plane stress conditions. Kanj and Abousleiman (2004) presented poromechanical solutions of Lame′ problem and discussed different cases in detail. Chao et al (2004) studied the shock-induced borehole waves in porous formations. Tajuddin and Shah (2006, 07, 09, 10(b,c) ) studied different problems on wave propagation in poroelastic cylinders. Shah (2008,10(a) ) investigated the axially symmetric vibrations of fluid-filled poroelastic circular cylindrical shells of various wallthicknesses and flexural vibrations of coated poroelastic cylinders of infinite extent in absence of dissipation.
In the present analysis, wave propagation in an infinite poroelastic plate submerged in an inviscid elastic fluid is studied in absence of dissipation. Frequency equation each for a pervious and an impervious surface is obtained employing Biot's (1956) theory of wave propagation in liquid saturated poroelastic solid. Biot's model consists of an elastic matrix permeated by a network of interconnected spaces saturated with liquid. Frequency equation each for a pervious and impervious surface is obtained for poroelastic plate in contact with an inviscid elastic fluid and poroelastic plate in vacuum as a particular case and also when the wavenumber vanishes.
Non-dimensional phase velocity as a function of propagation constant is computed for pervious and impervious surfaces in each case, i.e., poroelastic plate immersed in an inviscid elastic fluid, poroelastic plate in contact with an inviscid elastic fluid and poroelastic plate in vacuum in absence of dissipation. The results are presented graphically for two types of poroelastic materials and then discussed. It is observed that the phase velocity of pervious and impervious surfaces, in general, is same in case of water saturated sandstone while it not for kerosene saturated sandstone. Results of previous investigations are obtained as a particular case of the present study. Thus the present investigation is more generalized.
Governing equations
The equations of motion of a homogeneous, isotropic poroelastic solid (Biot, 1956) respectively, e and ∈ are the dilatations of solid and liquid; A, N, Q, R are all poroelastic constants and ρ ij (i,j=1,2) are the mass coefficients following Biot (1956) . The poroelastic constants A, N correspond to familiar Lame′ constants in purely elastic solid. The coefficient N represents the shear modulus of the solid. The coefficient R is a measure of the pressure required on the liquid to force a certain amount of the liquid into the aggregate while total volume remains constant. The coefficient Q represents the coupling between the volume changes of the solid to that of liquid.
We consider three dimensional wave propagation in poroelastic plate such that the displacements of solid
are expressed in terms of dilatational and vector potentials where Φ f is displacement potential function and V f is the velocity of sound in the fluid. The displacement of fluid is
The stresses σ ij and the liquid pressure s of the poroelastic solid are The subscript 'f1' or 'f2' associated with a fluid quantity represents that the quantity is related to fluid f1 or fluid f2. For example, V f1 is the velocity of sound in the fluid f1 and P f2 is the pressure of fluid f2.
Formulation and solution of the problem
Let (x, y, z) are rectangular co-ordinates. Consider a homogeneous, isotropic, infinite poroelastic plate of thickness 2δ immersed in an inviscid elastic fluid. The central plane of the plate lie at z=0 and the parallel surfaces of the plate lie at z=±δ. The poroelastic plate is considered to be in contact with fluids on either side. These fluids are denoted by f1 and f2. The geometry of the considered problem is:
For poroelastic plate :
The solution of equation (5) is (11) where C 1 , C 2 , C 3 , C 4 , A 1 , B 1 , A 2 , B 2 , A 3 , B 3 are constants; n, k are wavenumbers, ω is circular frequency and (12) 
In equation (13), V j (j = 1, 2) are dilatational wave velocities of first and second kind respectively, V 3 is shear wave velocity. Similarly, the suitable solution of equation (6) Similarly employing equation (15) into equation (10) the displacement components each for fluids f1 and f2 are obtained. Substituting equation (11) into equation (4) we obtain the displacements of solid and liquid. With the help of strain displacement relation we find the strain components. Then employing these strains into equation (7), the stresses and liquid pressure in the infinite poroelastic plate are given by (18) The gauge invariance property, following the analysis of Gazis (1959) , is used to eliminate two integration constants from equation (12). Without loss of generality of the solution we set Ψ 3 =0 and obtain the required displacement, stresses and liquid pressure.
Boundary conditions -Frequency equation
For contact between the poroelastic plate and the fluids, we assume that the normal stresses and displacement components in direction of z-axis are continuous at the interfaces z=δ and z=-δ. Thus the boundary conditions in case of a pervious surface are (19) The boundary conditions in case of an impervious surface are (20) Substitution of equations (17) and (18) into the equation (19) result in a system of ten homogeneous algebraic equations in ten constants C 1 , C 2 , C 3 , C 4 , A 1 , B 1 , A 2 , B 2 , A 4 , and A 5 . For a non-trivial solution, the determinant of the coefficients must vanish. By eliminating these constants, the frequency equation of wave propagation in a poroelastic plate in contact with fluids on either side for a pervious surface is 
In equation (21), the elements C ij are 
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Elements C ij appearing in equation (24) are defined in equation (22). Equation (23) is the frequency equation of three dimensional wave propagation in an infinite poroelastic plate immersed in an inviscid elastic fluid for an impervious surface.
Poroelastic plate in contact with fluid
When the fluid in the domain -∞ < z ≤ -δ, -∞ < x < ∞, -∞ < y < ∞, that is, fluid f2 vanish (or ρ f2 →0), then the considered problem reduce to a problem of three dimensional wave propagation in poroelastic plate in contact with an inviscid elastic fluid. In this case, the frequency equation of a pervious surface (21) under suitable boundary conditions is reduced to (25) where the elements C ij are defined in equation (22) are now evaluated for ρ f2 =0. Similarly, for ρ f2 =0 equation (23) (25) and (26) are the frequency equations of three dimensional wave propagation in poroelastic plate in contact with an inviscid elastic fluid for a pervious and an impervious surface respectively.
Poroelastic plate in vacuum
When the fluids f1 and f2 vanish, that is, ρ f1 →0 and ρ f2 →0 the considered problem reduce to the problem of three dimensional wave propagation in an infinite poroelastic plate in vacuum. Thus equation (21) under suitable boundary conditions reduce to (27) where the elements C ij are defined in equation (22) (24) are now evaluated for ρ f1 =0, ρ f2 =0. Equations (27) and (28) are the frequency equations of three dimensional wave propagation in poroelastic plate in vacuum for a pervious and an impervious surface, respectively.
Motion having infinite wavelength -Cut-off frequency
When the wavelength is very long compared to thickness of the poroelastic plate, the wavenumber is zero. The frequencies obtained by equating the wavenumber to zero are referred to as the cut-off frequencies. Thus for k=0, the frequency equation of pervious surface (21) reduce to the product of two determinants (30) and (32), the elements C ij , D ij are defined in equations (22) and (24) are now evaluated for k=0. Equation (29) When the wavenumber along y-axis vanish, that is, n=0, the frequency equation of a pervious surface (22) and the frequency equation of an impervious surface (24) are reduced to the product of frequency equations considered by Ahmed Shah (2007, 2010(c) ).
Non-dimensionalization of frequency equation
In a non-dissipative medium for propagating modes wavenumber k is real. Phase velocity C is the ratio of frequency to wavenumber, that is, C=ω/k. To analyze the frequency equations (21), (23), (25), (26), (27) and (28) it is convenient to introduce the following non-dimensional parameters: (34) where ξ is non-dimensional phase velocity, β is propagation constant, α is ratio of wavenumbers, Ω is non-dimensional frequency, H=P+2Q+R, ρ=ρ 11 +2ρ 12 +ρ 22 , C 0 , V 0 are the reference velocities (C 0 2 =N/ρ, V 0 2 =H/ρ) and 2δ is thickness of the poroelastic plate.
Numerical results and discussion
Two types of poroelastic materials namely, sandstone saturated with kerosene (Fatt, 1959) and sandstone saturated with water (Yew and Jogi, 1976 ) are considered to carry out the computational work. Sandstone saturated with kerosene is designated as Material-I (Mat-I) and sandstone saturated with water is designated as Material-II (Mat-II). Non-dimensional physical parameters of Material-I and II are given in Table-I . Frequency equations of three dimensional wave propagation of poroelastic plate immersed in fluid for a pervious surface (46) and an impervious surface (48), constitute a relation between non-dimensional phase velocity ξ and propagation constant β for given physical parameters and for fixed value of ratio of wavenumbers, that is α. Non-dimensional phase velocity ξ is determined for different values of β each for a pervious and an impervious surface for fixed values of α taken as α=1, 2. The values of β are taken in the interval [5, 10] in steps of 0.5. When k=0, the values of t 0 are taken in the interval [5, 10] in steps of 0.5 to find the non-dimensional frequency. For poroelastic plate immersed in an inviscid elastic fluid (fluids f1 and f2 are same) or a poroelastic plate in contact with an inviscid elastic fluid, the values of m 1 , m 2 , t 1 and t 2 are taken as m 1 =m 2 =6.5 and t 1 =t 2 =0.4. Phase velocity as a function of propagation constant is presented in fig.1-3 and fig.4 -6 for poroelastic plate immersed in an elastic fluid, in contact with fluid and poroelastic plate in vacuum each for a pervious and an impervious surface and for the considered materials when α=1 and α=2, respectively. fig.1 it is seen that the phase velocity of an impervious surface is higher than that of a pervious surface in case of Material-I in 5≤β≤6. Otherwise, phase velocity of pervious and impervious surface is same. Phase velocity of pervious and impervious surface is same for Material-II. Phase velocity of Material-II is less than that of phase velocity of Material-I each for a pervious and an impervious surface in 6.5≤β≤8.5. Fig.2 shows the phase velocity of poroelastic plate in contact with an elastic fluid when α=1. From fig.2 it is seen that the phase velocity of pervious and impervious surface is same for Material-II while the phase velocity of a pervious surface is higher than that of impervious surface for Material-I in 5≤β≤6 and 8.5≤β≤10. Again phase velocity of Material-II is less than that of Material-I in 6.5≤β≤8. Phase velocity of a poroelastic plate in vacuum is presented in fig.3 for the considered materials each for a pervious and an impervious surface when α=1. fig.3 it is seen that phase velocity of a pervious surface is higher than that of an impervious surface in 7≤β≤8 in case of Material-I. Otherwise the phase velocity of pervious and impervious surface is same. Phase velocity of pervious and impervious surface is same in case of Material-II. Phase velocity of Material-II is higher than that of Material-I each for a pervious and an impervious surface in 5≤β<7.5. fig.4 it is seen that the phase velocity of pervious and impervious surface is same for Material-I 5≤β<6.5 otherwise, phase velocity of pervious surface is different from that of an impervious surface. Phase velocity of pervious and impervious surface is same for Material-II. Also, it is observed that, in general, the phase velocity each for a pervious and an impervious surface is higher when α=2 than that of the phase velocity when α=1, for the considered materials. The variation of phase velocity of a poroelastic plate in contact with fluid for the considered materials is shown in fig.5 when α=2. From fig.5 it is seen that phase velocity of a pervious surface is higher than that of an impervious surface in 5≤β<6.5 in case of Material-I otherwise, it is same. Similarly, the phase velocity of pervious and impervious surface is same in case of Material-II. Here too, in general, the phase velocity each for a pervious and an impervious surface is higher when α=2 than that of the phase velocity when α=1. Variation of phase velocity of a poroelastic plate in vacuum for α=2 is presented in fig.6 for the considered materials. From fig.6 it is seen that the phase velocity of a pervious surface is higher than that of an impervious surface in 9≤β≤10 in case of Material-I otherwise, it is same. The phase velocity of Material-II is same for pervious and impervious surfaces. Also the phase velocity of Material-II is less than that of Material-I each for a pervious and an impervious surface. Here it is observed that the phase velocity of in case of Material-II is higher for α=2 than that of α=1, while this is not true for Material-I. Frequency as a function of t 0 is presented in fig.7 -9 for poroelastic plate immersed in an elastic fluid, in contact with fluid and poroelastic plate in vacuum each for a pervious and an impervious surface and for the considered materials when k=0. From fig.7 it is seen that there is a gradual increase in frequency with the increase of the values of t0 for both the considered materials for a poroelastic plate immersed in fluid. The frequency of pervious and impervious surface is same each for the considered materials. The frequency of Material-I is higher than that of Material-II each for a pervious and an impervious surface. Similar trend is observed in the variation of frequency of poroelastic plate in contact with fluid (see fig.8 ) and poroelastic plate in vacuum (see fig.9 ). In fact, the frequency of poroelastic plate in contact with fluid and poroelastic plate in vacuum is nearly same for the considered materials each for a pervious and an impervious surface and it can be said that the presence of fluid on one side of the poroelastic plate has no significant effect on frequency. This is not true in case of a poroelastic plate immersed in elastic fluid. 
Concluding remarks
The study of three dimensional wave propagation in poroelastic plate immersed in fluid, poroelastic plate in contact with fluid and poroelastic plate in vacuum has lead to following conclusions: (i) Phase velocities of pervious and impervious surface is same for Material-II for each of the three considered cases, that is, poroelastic plate immersed in fluid, poroelastic plate in contact with fluid and poroelastic plate in vacuum. (ii) Phase velocity of the considered materials each for a pervious and an impervious is less when α=1 than that of when α=2. (iii) Dilatational and shear waves of a poroelastic plate immersed in fluid are uncoupled when both the wavenumbers vanish. (iv) Shear waves are independent of nature of surface and presence of fluids on either side of the poroelastic plate. (v) When the wavenumber k is zero, the frequency of Material-II is less than that of Material-I for all the considered cases. (vi) When the wave number k vanishes, the presence of fluid on one side of the poroelastic plate has no significant effect on frequency.
